Vibrio parahaemolyticus is a common food-borne pathogen frequently causing outbreaks in summer. Maintenance of virulence by the viable but nonculturable (VBNC) state of this pathogen would allow its threat to human health to persist. This study reports on the change of virulence and concomitant changes in the activity of two enzymes, and the fatty acid profiles when V. parahaemolyticus ST550 entered the VBNC state in the modified Morita mineral salt-0.5% NaCl medium incubated at 4°C. The major change in fatty acid composition occurred in the first week, with a rapid increase in C15:0 fatty acid and the saturated/unsaturated ratio, while a rapid decrease in 
INTRODUCTION
Vibrio parahaemolyticus is the most frequently occurring food-borne pathogen in Japan, Taiwan, and other coastal countries. Most clinical isolates are hemolytic on Wagatsuma agar (Kanagawa-positive, KP+) and produce a major virulence factor, the thermostable direct hemolysin (TDH) (9) .
V. parahaemolyticus is a gram-negative bacterium, often associated with marine organisms or existing freely in seawater. When the temperature of seawater is under 13-15°C, V. parahaemolyticus is seldom isolated (17) . Like V. vulnificus that inhabits similar marine environments (25) , V.
parahaemolyticus may be present in a viable but nonculturable (VBNC) state during the winter, and is not culturable on common media. In fact, V.
parahaemolyticus can be induced into the VBNC state by starvation at low temperature (16) . We previously characterized the conditions for inducing cells of V. parahaemolyticus into, and resuscitating from, the VBNC state (30) .
The resistance of VBNC cells of V. parahaemolyticus to thermal inactivation, low salinity and acidic stress was markedly increased, which would likely greatly enhance its survival in natural or low salinity environments (30) . The threat to public health could be maintained when these VBNC cells maintain their high survival ability concurrently with their high virulence.
VBNC Shigella dysenteriae maintains its toxin gene, biologic active toxin and animal cell adherence, but the invasiveness on human cell line is lost (28) .
VBNC Escherichia coli cells also retain pathogenicity, even following exposure to seawater and sunlight (27) . VBNC cells of V. vulnificus retain virulence for at least three days while in the VBNC state (24) . These results confirm that cells of pathogenic bacteria in the VBNC state may maintain their genetic elements encoding various virulence factors, although the 4 virulence or expression of different virulence factors may change from time to time during induction into the VBNC state as the biochemical composition and physiological status of these bacterial cells changes. To know more about the biochemical and physiological aspects of the VBNC state in this pathogen, we investigated change in fatty acid composition, inducible and constitutive enzyme activities, and virulence of V. parahaemolyticus as they progress from the exponential growth phase to the VBNC state.
MATERIALS AND METHODS
Cultures and media. V. parahaemolyticus ST550, a serotype O4:K13 and KP+ clinical strain isolated in Thailand, furnished by T. Arai, was used (29). It was maintained in Tryptic Soy Broth (TSB, Difco Laboratories, Sparks, MD)-3% NaCl with 10% glycerol at -85°C, and cultured in TSB-3% NaCl or Tryptic Soy Agar (TSA, Difco)-3% NaCl and incubated at 25°C.
Induction of VBNC state. Bacteria were cultured in 50 ml TSB-3% NaCl medium in a 250-ml Erlenmeyer flask, and incubated at 25°C with shaking at 110 rpm for 4.5 h to reach the mid-exponential phase. Bacterial cells were harvested by centrifugation at 6,000xg for 15 min, washed twice in modified Morita mineral salt solution (MMS-0.5%NaCl) which consisted of 5 g of NaCl, 0. (22) . The bacterial cells were resuspended in a 250-ml Erlenmeyer flask containing 100 ml MMS-0.5%NaCl medium to a concentration of about Fifty microscopic fields were randomly selected and observed by a bright-field microscope at 400x magnification. A field was defined as cytotoxicity positive when a half or more of the monolayer was destroyed.
Animal assays. Two to four day-old ICR suckling mice were used to assay the mouse lethality and enteropathogenicity of the VBNC and exponential phase cultures of V. parahaemolyticus following previously published method (29). Bacterial cells were harvested by centrifugation, resuspended in MMS-0.5%NaCl and adjusted to a density of 10 7 cells/ml. A bacterial suspension (0.1 ml) along with Evans blue dye was injected intragastrically into each mouse, and kept at room temperature. Each group consisted of six mice. The death time for each mouse was recorded. In another experiment, the mice were sacrificed just after death of the first mouse occurred in the experimental groups and the intestine/whole body weight ratio was determined for each mouse. The intestine of each mouse was excised and homogenized in phosphate-buffered saline, and the population of V. 
RESULTS
Induction of VBNC culture. and a mixture of unidentified fatty acids increased from 2.1 to 9.5% when the cells changed from exponential phase to the VBNC state (Fig. 2) . The relative 9 quantities of fatty acids were summed into saturated and unsaturated groups; the ratio of saturated to unsaturated groups increased markedly from 0.6 to 1.5 when the cells shifted from exponential phase to the VBNC state (Fig. 3) .
Most of the changes occurred significantly during the first seven days of low temperature incubation (Fig. 2, 3) .
Enzyme assay. SOD of E. coli was resolved to be a 23 kDa protein by SDS PAGE, while a large active polymer was observed in native gels (Fig. 4) .
Whereas two functional SOD bands were observed in samples from the exponential phase culture, the molecular size of the major one was about 23
kDa, similar to that of E. coli, and the minor one was about 30 kDa. When the cells shifted to VBNC state, the SOD became undetectable.
The quantity of G-6-PDH did not change considerably when the cells (Fig. 6 ). Significant swelling of the intestine was observed at the time of death for both the VBNC and exponential phase experimental groups, and about 10 5 CFU/g were recovered from both groups ( Table 1) .
These results indicate the mouse lethality and enteropathogenicity were retained but delayed in the VBNC state.
DISCUSSION
The VBNC cell is metabolically active, although incapable of forming colony on regular agar media. This state has been demonstrated in numerous 11 bacteria (8), nevertheless, the existence of the VBNC state is controversial (3).
The VBNC state in bacteria is usually induced by a combination of environmental stresses, usually by starving in nutrient-limited medium and incubating at low temperature for several days to weeks. Induction of VBNC state in V. parahaemolyticus is achieved by starvation at low temperature (16) .
In our study, the induction period was shortened by incubating the bacterial cells at 4°C in the MMS-0.5% NaCl medium (Fig. 1) acid and an increase of saturated fatty acids were also observed during the starvation of V. cholerae (13) . Similar results were found in V.
parahaemolyticus cultured at low temperature in a nutrient limited medium (Fig. 2, 3) . In our study, the response of V. parahaemolyticus to low temperature in terms of change of fatty acid composition is faster than that of V. vulnificus. The major change in fatty acids occurred in the first week in V.
parahaemolyticus (Fig. 2, 3 ) while in the second week in V. vulnificus (20) .
During induction of the VBNC state, bacteria can adjust or reroute metabolic pathways to avoid metabolic and structural disruption under an adverse condition. As a survival strategy, VBNC cells are able to coordinate their rates of synthesis to maintain their cellular structure and function (8) .
VBNC cells should retain low metabolic activities, just enough to maintain viability under the cold and nutrient-free inducing conditions. In this study, we
showed the presence of a high quantity of SOD in exponential phase cells, which became non-detectable in the VBNC cells (Fig 6) . It has been reported that lower levels of SOD is present in halophilic vibrios than in E. coli and this level is increased under aerobic conditions (10) . SOD is an inducible protective enzyme against superoxide ions generated by such aerobic respiration. Thus, lowering of SOD denotes a lowering of aerobic respiration or general metabolic activities in the VBNC state in V. parahaemolyticus.
However, Gribbon and Barer (12) These sets of the constitutive and inducible enzymes retained in the VBNC state may be activated during resuscitation.
In this study, both fresh and old VBNC cultures showed similar but delayed mouse lethality (Fig. 6 ). When less than 0.1 CFU (about 10 6 viable count) of VBNC V. parahaemolyticus cells were injected into each mouse, 10 5 CFU/g of intestinal homogenate was obtained on TCBS after 24-48 hours (Table 1) .
Therefore, it is reasonable that in vivo resuscitation occurred in the suckling mouse model. Anaerobic conditions or the presence of protective factors within the suckling mouse may be essential to resuscitation. It has been
reported that the addition of bile or the bile acid, deoxycholic acid, to estuarine water-cultured bacteria led to an increase in direct viable counts and colony counts and also favored growth of virulent strains of V.
parahaemolyticus (26) . In vivo resuscitation has also been documented in VBNC cells of V. vulnificus (24) . Nevertheless, in vivo proliferation of the resuscitated bacteria cannot be excluded during the incubation period in this 14 animal assay.
Maintenance of virulence in VBNC cells of V. parahaemolyticus will certainly persist the threat of this foodborne pathogen to human health. Toxin genes or biological active toxins are retented by VBNC cells of E. coli (27) , Shigella dysenteriae (28) , and V. cholerae (7) . Nevertheless, animal lethality is usually decreased in the VBNC cells when compared with growing cells. LD 50 values increased as V. vulnificus entered into the VBNC state (24) , and virulence was lost in another study (20) . Loss of virulence was also observed in VBNC cells of E. coli (18) and S. typhimurium (6) . In our study, cytotoxicity ( Fig. 5 ), suckling mouse lethality (Fig. 6 ), and enteropathogenicity (Table 1) were maintained but were lowered or delayed in VBNC cells as compared to exponential phase cells of V. parahaemolyticus.
In conclusion, the virulence of VBNC V. parahaemolyticus was decreased or delayed concomitantly with a change in fatty acids, and inducible and constitutive enzymes associated with energy supply. These results extend our understanding of the biochemical and physiological changes which have not been reported when this pathogen enters into the VBNC state. 
